r In isolated resistance arteries, endothelial modulation of vasoconstrictor responses to α 1 -adrenoceptor agonists occurs via a process termed myoendothelial feedback: localized inositol trisphosphate (InsP 3 )-dependent Ca 2+ transients activate intermediate conductance Ca 2+ -activated K + (IK Ca ) channels, hyperpolarizing the endothelial membrane potential to limit further reductions in vessel diameter.
r We demonstrate that IK Ca channel-mediated myoendothelial feedback limits responses of isolated mesenteric arteries to noradrenaline and nerve stimulation, but not to the thromboxane A 2 mimetic U46619 or to increases in intravascular pressure.
r In contrast, in the intact mesenteric bed, although responses to exogenous noradrenaline were limited by IK Ca channel-mediated myoendothelial feedback, release of NO and activation of endothelial small conductance Ca 2+ -activated K + (SK Ca ) channels in response to increases in shear stress appeared to be the primary mediators of endothelial modulation of vasoconstriction.
Introduction
The diameter of resistance arteries, a key determinant of tissue perfusion and blood pressure, is tightly regulated through the coordinated activity of endothelial cells, sympathetic nerves and smooth muscle cells (for reviews see Kerr et al. 2012 and Westcott & Segal, 2013) . Endothelial cells modulate the contractile state of surrounding smooth muscle cells via direct electrical coupling through gap junctions and release of diffusible factors such as nitric oxide (NO; for reviews see Ellinsworth et al. 2016 and Vanhoutte et al. 2017) . A vast literature describes how these mechanisms mediate endothelium-dependent vasodilatation to agents such as ACh (for reviews see Busse et al. 2002 , Edwards et al. 2010 and Vanhoutte et al. 2017 ) but recent studies have focused on addressing the question of how agonist-evoked constriction of isolated resistance arteries is limited by reciprocal activation of the endothelium. This work has led to the current model for myoendothelial feedback in which movement of InsP 3 from smooth muscle to endothelial cells via gap junctions generates localized InsP 3 -dependent Ca 2+ transients that activate IK Ca channels within myoendothelial projections. The resulting hyperpolarization of the endothelial membrane potential then feeds back to the smooth muscle cells to limit further reductions in vessel diameter (Tran et al. , 2014 Nagaraja et al. 2013; Kerr et al. 2015 ; for reviews see Kerr et al. 2012 and Segal, 2015) . Support for this model has come from (1) histochemical studies showing IK Ca channels and InsP 3 receptors to be localized within myoendothelial projections (Sandow et al. 2006; Ledoux et al. 2008; Tran et al. 2012; Kerr et al. 2015) , and (2) functional data from experiments employing global application of pharmacological concentrations of α 1 -adrenoceptor agonists to elicit smooth muscle depolarization, increased Ca 2+ influx through L-type voltage-operated Ca 2+ channels (VOCCs), and generation of InsP 3 by phospholipase C (PLC) in a large number, if not all, smooth muscle cells Kerr et al. 2015) . However, this situation may not be replicated when other vasoconstrictor stimuli are employed. Agonists and physical stimuli can utilize a diverse range of contractile mechanisms to contract smooth muscle cells, not all of which involve generation of InsP 3 (reviewed by Brozovich et al. 2016) , and sympathetic nerve activity results in the release of quanta of noradrenaline to act on clusters of α 1 -adrenoceptors within spatially restricted postsynaptic regions on a limited number of smooth muscle cells.
Furthermore, for myoendothelial feedback to limit vasoconstriction, the endothelial mechanisms engaged must be able to effectively inhibit tone development. In hamster skeletal muscle feed arteries, feedback of IK Ca channel-mediated hyperpolarization to limit smooth muscle depolarization fully accounts for endotheliumdependent modulation of constriction to the α 1 -adrenoceptor agonist phenylephrine . But, in rat mesenteric and basilar arteries, InsP 3 -IK Ca -mediated myoendothelial feedback is linked to both hyperpolarization and release of NO (Kerr et al. 2015) . Smooth muscle cell hyperpolarization is primarily effective against depolarization-induced contraction whereas NO can inhibit vasoconstriction through a range of mechanisms such as decreasing the Ca 2+ sensitivity of contractile proteins (Carvajal et al. 2000) , inhibiting InsP 3 -induced Ca 2+ release (Ji et al. 1998) , and activating K + channels (Bolotina et al. 1994; Mistry & Garland 1998; Van Hove et al. 2009) . So, as shown previously for ACh-evoked relaxations (Plane & Garland, 1996) , the relative contribution of hyperpolarization and NO to myoendothelial feedback may reflect variations in the contribution of electrical and non-electrical pathways to vasoconstriction.
Thus, we hypothesized that the functional contribution of InsP 3 -IK Ca channel-mediated myoendothelial feedback to limiting arterial diameter may be influenced by the ability of the vasoconstrictor stimulus to engage the endothelium. To test this hypothesis, we have investigated the functional role of the IK Ca channel-mediated myoendothelial feedback in modulating contraction in response to the thromboxane agonist U46619, increases in intravascular pressure and stimulation of perivascular sympathetic nerves in mesenteric arteries. The data support our hypothesis as we show that in isolated arteries, responses to noradrenaline and stimulation of sympathetic nerves, but not to U46619 and increases in intravascular pressure, were modulated by IK Ca channel-dependent myoendothelial feedback. However, in the intact mesenteric bed perfused under conditions of constant flow, shear stress-induced release of NO and activation of endothelial SK Ca channels appeared to be the primary mediators of endothelial modulation of vasoconstriction to both agonists and nerve stimulation. Thus, we propose that myoendothelial feedback may contribute to local control of diameter within arterial segments, but at the level of the intact vascular bed, increases in shear stress may be the major stimulus for engagement of the endothelium during vasoconstriction.
Methods

Ethical approval
All animal care and experimental procedures were approved by the Animal Care and Use Committee of the Faculty of Medicine and Dentistry at the University of Alberta, and performed in accordance with Canadian Council on Animal Care guidelines, and the principles and regulations as described by Grundy (2015) . All investigators understand the ethical principles under which The Journal operates and that their work complies with The Journal's animal ethics checklist. Male Sprague-Dawley rats (250-300 g; from Science Animal Support Services, University of Alberta) were housed in an enriched environment maintained on a 12:12 h light-dark cycle at ß23°C with fresh tap water and standard chow available ad libitum. Rats were killed by inhalation of isoflurane followed by decapitation. The mesenteric bed was removed post mortem and placed in cold Kreb's buffer containing (mM): NaCl 119.0, NaHCO 3 25.0, KCl 4.7, MgSO 4 1.2, KH 2 PO 4 1.18, glucose 11, disodium EDTA 0.027 and CaCl 2 2.5.
Wire myography
Third order mesenteric arteries were cleaned of adhering fat and connective tissue and cut into segments (ß2 mm in length). Segments of artery were mounted between two gold-plated tungsten wires (20 μm diameter) in a Mulvany-Halpern myograph (model 400A, J.P. Trading, Denmark). Changes in isometric tension were recorded via a Powerlab data acquisition system using Chart 8 software (AD Instruments, CO, USA). Tissues were maintained in Krebs buffer gassed with 95% O 2 -5% CO 2 at 37°C (pH 7.4) and set to a pre-determined optimal resting tension of 5 mN (this value was determined from active length-tension curves). In some experiments, the endothelium was removed by flushing of the mesenteric bed with 0.5% Triton X-100 in water for 30 s followed by rapid washout with Krebs buffer. After an equilibration period of 30 min, endothelial function was assessed as percentage relaxation to ACh (10 μM) following pre-stimulation with phenylephrine (3 μM; 75% of maximal tone). Arteries in which ACh induced >90% reversal of agonist-induced tone were designated as endothelium intact and tissues in which the response to ACh was abolished were deemed to be endothelium denuded. Arteries in which the percentage reversal of agonist-induced tone elicited by ACh fell between these values were discarded. Electrical field stimulation of perivascular nerves was applied via two platinum electrodes (AD Instruments) placed in parallel on either side of the arterial segments and connected to a Digitimer D330 stimulator (Digitimer, Welwyn Garden City, UK). Following an equilibration period of 30 min, frequency-response curves were constructed by stimulating the preparation at 0.5-20 Hz (90 V, pulse width 2 ms, 20 s) at 5 min intervals. Three repeated frequency-response curves could be constructed with 30 min between them without a significant change in the peak size and sensitivity of the evoked increases in tone (Fig. 5B) , although the duration of responses often appeared to decrease (Fig. 5A ). All drugs were applied for 15 min prior to the beginning of the second frequency-response curve except for L-NAME, which was incubated with the tissues for 30 min.
Pressure myography
Leak-free segments of fourth or fifth order mesenteric artery (2-3 mm in length) were mounted between two glass cannulae in an arteriograph chamber (Living Systems Instrumentation, Burlington, VT, USA) under conditions of no luminal flow. In some experiments, the endothelium was removed by flushing the mesenteric bed J Physiol 596.7 with 0.5% Triton X-100 in water for 30 s followed by rapid washout with Krebs buffer before isolation of individual arteries. Vessels were bathed in Krebs buffer at 37°C gassed with 4.92% CO 2 , 92% O 2 , balance N 2, and intravascular pressure was maintained via a pressure servo-control system (PS200, Living Systems Instrumentation). Arteries were viewed through a Nikon TMS inverted microscope, and measurements of the internal diameter were made via an automated video dimension analyser (V10, Living Systems Instrumentation). The glass cannulae (borosilicate glass with OD of 1.2 mm and ID of 0.69 mm) were pulled using a Model P87 Flaming/Brown micropipette puller (Sutter Instruments, Novato, CA, USA). The tips of the cannulae were polished using a sharpening stone or in a flame. Pressure and diameter measurements were recorded via a PowerLab data acquisition system using Chart 5.0 software (AD Instruments). Arteries that did not develop myogenic reactivity during an initial equilibration period of 30-40 min at 80 mmHg and 37°C were discarded. Following the equilibration period, a pressure ramp was then applied by increasing the pressure to 120 mmHg in increments of 20 mmHg. Each pressure step was held for 2-3 min or until the diameter stabilized. All drugs were applied to vessels held at an intravascular pressure of 20 mmHg for 15 min prior to applying the same pressure ramp. The one exception was L-NAME, which was incubated for 20 min. At the end of each experiment, arteries were bathed in Ca 2+ -free Krebs solution to reveal the maximum passive diameter. Myogenic tone is expressed as the percentage difference in active diameter versus maximum passive diameter.
Perfused mesenteric vascular bed
The mesenteric bed was perfused via the superior mesenteric artery as previously described (Narang et al. 2014) . Briefly, the mesenteric vascular bed was separated from the intestine and the superior mesenteric artery cleaned of connective tissue, cannulated with a blunted hypodermic needle (20 G) and flushed with Krebs buffer to remove blood. In some experiments, the endothelium was removed by flushing the bed with 0.5% Triton X-100 in water for 30 s followed by rapid washout with Krebs buffer. The vascular bed was placed on a wire mesh in a warm chamber and perfused with Krebs buffer at a constant flow rate of 5 ml min −1 (37°C equilibrated with 95% O 2 -5% CO 2 ). Changes in perfusion pressure were monitored via a pressure transducer and recorded via a PowerLab data acquisition system using Chart 5.0 software (AD Instruments). Endothelial function was assessed as the response to ACh (1 μM) following vasoconstriction with methoxamine (1 μM). Electrodes were attached to the cannulating needle and to the wire mesh to allow electrical field stimulation using a Grass SD9 stimulator (Grass Technologies, USA). Following an equilibration period of 30 min, a single stimulation (30 Hz, 90 V, pulse width 1 ms, 30 s) was applied to assess the viability of the preparation. After a further 10 min, a frequency-response curve was constructed by stimulating the preparation at 1-40 Hz (90 V, pulse width 1 ms, 30 s) at 10 min intervals . The effects of agents on nerve-evoked vasoconstriction were assessed by perfusing the drugs through the lumen of the preparation for 20 min prior to constructing a second frequency-response curve. In some experiments a third frequency-response curve was constructed following washout of the drugs.
Electrophysiology
Measurements of smooth muscle membrane potential in endothelium-intact arteries were made using sharp glass microelectrodes back-filled with 3 M KCl and with resistances of 60-100 M as previously described (Kerr et al. 2015) . Briefly, arteries were cut open longitudinally and pinned to the bottom of a Sylgard chamber with the endothelial surface uppermost for recording of endothelial cell membrane potential or endothelial surface downwards for recording of smooth muscle membrane potential and visualized using a binocular microscope. The criteria for successful cell impalement included (1) a sharp negative deflection upon entry, (2) a stable recording for ࣙ1 min following entry, and (3) a sharp return to baseline upon electrode removal. Tissues were maintained at 37°C and constantly superperfused with warmed Krebs buffer at a rate of 5 ml min −1 . Membrane potential measurements were recorded via a PowerLab acquisition system using Chart 5.0 software (AD Instruments).
Drugs
All chemicals were purchased from Sigma-Aldrich apart from 1-[(2 chlorophenyl) diphenylmethyl]-1H-pyrazole (TRAM-34), xestospongin C, apamin, and naphtho[1,2-d]thiazol-2-ylamine (SKA-31) which were from Tocris (Minneapolis, MN, USA). Drugs were dissolved in Krebs buffer except for TRAM-34, xestospongin C, nifedipine and SKA-31 which were dissolved as stock solutions in DMSO before being diluted into Krebs buffer. For each of these drugs control experiments were carried out using appropriate concentrations of DMSO.
Statistical analysis
Summary data are presented as means ± SEM (n) where n indicates the number of animals. Unless otherwise indicated, responses in the absence and presence of drugs were paired (i.e. obtained from the same tissues). Normalized agonist concentration-response curves were fitted to a sigmoidal curve with a variable slope using four parameters logistic equation in GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). For the purposes of statistical comparison, EC 50 values were converted to pEC 50 values. Myogenic reactivity is shown as absolute values for vessel diameters in the absence and presence of different treatments. Membrane potential measurements are shown as absolute values in millivolts (mV). Nerve-evoked responses recorded in isolated arteries are expressed as absolute values for changes in isometric tension whereas nerve-evoked responses in the perfused mesenteric bed are shown as normalized values. Comparisons of means were performed using Student's t test, and multiple comparisons were determined using two-way ANOVA. Statistical analyses were performed using GraphPad Prism 6.0, with P < 0.05 considered to be statically significant.
Results
Myoendothelial feedback modulates noradrenalinebut not U46619-induced tone in isolated mesenteric arteries
The role of IK Ca channel-mediated myoendothelial feedback in modulating responses to bath-applied noradrenaline (1 nM-30 μM) and U46619 (1 nM-10 μM) was investigated by constructing concentration-response curves for these agonists in the presence and absence of the IK Ca channels inhibitor TRAM-34 (1 μM). As previous work has shown a role for NO in myoendothelial feedback in mesenteric arteries (Kerr et al. 2015) , concentration-response curves were also conducted in the presence of the NO synthase inhibitor L-N G -nitroarginine methyl ester (L-NAME; 100 μM) alone, or with TRAM-34. Noradrenaline-evoked increases in tone were significantly enhanced by either TRAM-34 or L-NAME alone, and in the presence of a combination of the two inhibitors, the degree of potentiation was the same as that seen with TRAM-34 alone ( Fig. 1 ). In contrast, responses to U46619 were potentiated by L-NAME but unaffected by application of TRAM-34, and in the presence of a combination of the two inhibitors, the degree of potentiation was the same as that seen with L-NAME alone ( Fig. 1 and Table 1 ). Apamin (50 nM), an inhibitor of small conductance Ca 2+ -activated K + (SK Ca ) channels, did not affect responses to either agonist (Table 1) . Increases in tone elicited by noradrenaline were abolished by the α 1 -adrenoceptor antagonist prazosin (1 μM; n = 5) but unaffected by propranolol (0.3 μM; Table 1 ). The differential effects of TRAM-34 on noradrenalineand U46619-evoked changes in tone in mesenteric A, mean cumulative concentration-response curves for noradrenaline (NA) in the presence and absence of L-NAME (100 μM) and/or TRAM-34 (1 μM) in endothelium-intact segments of rat mesenteric artery (n = 6). B, mean cumulative concentration-response curves for U46619 in the presence and absence of L-NAME (100 μM) and/or TRAM-34 (1 μM) in endothelium-intact segments of rat mesenteric artery (n = 4). Data are shown as mean ± SEM. * Significantly different from control values. † Significantly different from L-NAME alone.
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arteries were mirrored by its effects on changes in smooth muscle cell membrane potential elicited by these agonists. In endothelium-intact arteries, TRAM-34 (1 μM) caused a significant depolarization of resting membrane potential, enhanced noradrenaline (10 μmol)-evoked smooth muscle depolarization, but was without effect on the response to U46619 (1 μmol; Fig. 2 ). Noradrenaline-evoked smooth muscle depolarization was abolished by the α 1 -adrenoceptor antagonist prazosin (1 μM; n = 4). Thus, activation of α 1 -adrenoceptors by noradrenaline leads to activation of IK Ca channels to modulate smooth muscle depolarization but U46619 does not elicit the same type of feedback.
In the current model of myoendothelial feedback, it is generation of InsP 3 within smooth muscle cells that leads to activation of IK Ca channels. Therefore, we used U73122 (10 μM), an inhibitor of PLC, and xestospongin C (10 μM), an inhibitor of InsP 3 receptors, to investigate the contribution of InsP 3 to noradrenaline (0.5 μM)-and U46629 (0.1 μM)-evoked responses in endothelium-intact arteries mounted in a wire myograph. Pre-incubation of arteries with U73122 for 10 min significantly inhibited responses to both noradrenaline and U46619 (Fig. 3A) but U73343, an inactive analogue of U73122, was without effect. In contrast, exposure to xestospongin C for 10 min significantly inhibited noradrenaline-evoked increases in tone but did not affect responses to U46619 (Fig. 3B) . Thus, although both agonists act through PLC, only responses to noradrenaline are dependent, at least partially, on InsP 3 and so can be modulated IK Ca channel-mediated myoendothelial feedback.
Myoendothelial feedback does not modulate myogenic reactivity
Mesenteric arteries were mounted in a pressure myograph and subjected to step-wise increases in intraluminal pressure (from 20 to 120 mmHg). Arteries maintained their diameter across the whole range whereas in Ca 2+ -free buffer, passive dilatation was observed at each step (Fig. 4A) . Active tone development was not significantly altered by removal of the endothelium (Fig. 4B) , nor by the IK Ca channel inhibitor TRAM-34 (1 μM), or the NO synthase inhibitor L-NAME (100 μM; Fig. 4C and D). To determine whether the lack of effect of TRAM-34 reflected an inability of IK Ca channels to modulate myogenic reactivity, we applied pressure ramps to endothelium-intact arteries in the presence of SKA-31 (5 μM), an activator of endothelial IK Ca channels. The presence of SKA-31 resulted in loss of myogenic reactivity such that at intravascular pressures of 60 mmHg and above, arterial diameters in the presence of this agent were not significantly different from passive diameters obtained in Ca 2+ -free buffer (Fig. 4E) . Furthermore, application of the InsP 3 receptor antagonist xestospongin C (10 μM) to myogenically active arteries held at 80 mmHg significantly inhibited subsequent constriction in response to the adrenoceptor agonists phenylephrine and noradrenaline (3 μM) but did not alter the background myogenic tone. The mean baseline diameters of the arteries held at 80 mmHg in the absence and presence of xestospongin C were, respectively, 247.6 ± 12.7 μm and 245.9 ± 17.1 (n = 10; P > 0.05). Addition of either phenylephrine or noradrenaline alone to these arteries reduced the diameter to, respectively, 196 ± 11.5 μm (n = 5; P < 0.05 compared to baseline) and 183 ± 10.5 μm (n = 5; P < 0.05 compared to baseline). However, in the presence of xestospongin C, the mean arterial diameters following application of these agonists were 228 ± 13.8 μm (n = 5; P < 0.05) and 235 ± 19.9 μm (n = 5; P < 0.05). Thus, the inability of myoendothelial feedback to modulate myogenic reactivity may reflect the lack of a role for InsP 3 in mediating the response to changes in intravascular pressure in these arteries.
Frequency dependence of the contribution of myoendothelial feedback to nerve-evoked increases in tone in isolated mesenteric arteries
To investigate the ability of IK Ca channel-mediated myoendothelial feedback in modulating responses to sympathetic nerve activity, we applied transmural nerve stimulation (0.25-20 Hz) to isolated segments of endothelium-intact artery mounted in a wire myograph (Fig. 5A) . The resulting frequency-dependent increases in tension were abolished by the α 1 -adrenoceptor antagonist prazosin (0.1 μM) and by tetrodotoxin (TTX; 0.5 μM), a blocker of neuronal Na + channels, but were not affected by capsaicin (10 μM; Table 2 ), an inhibitor of sensory nerve J Physiol 596.7 function. Therefore, these responses are predominantly mediated by release of noradrenaline from nerves and not due to direct electrical stimulation of smooth muscle cells. Application of repeated frequency-response curves showed that nerve-evoked responses did not significantly change over the time course of experiments (Fig. 5B) .
To investigate modulation of nerve-evoked responses by myoendothelial feedback, frequency-response curves were constructed in the presence of L-NAME (100 μM) and/or TRAM-34 (1 μM). Neither agent alone had an effect on nerve-evoked responses. But, the combination of L-NAME and TRAM-34 together significantly increased nerve-evoked increases in tone at frequencies of 12 Hz and above (Fig. 5C ), an effect that was abolished by the removal of the endothelium (Fig. 5D) .
The apparent frequency dependence of the ability of the endothelium to modulate increases in tone evoked by nerve stimulation then led us to investigate the relative contribution of voltage-dependent and InsP 3 -dependent mechanisms to these responses in vessels mounted in a wire myograph. The L-type VOCC blocker nifedipine (1 μM) showed frequency dependence in the extent of inhibition of nerve-evoked increases in tone; nifedipine abolished responses at lower frequencies but at 8 Hz and above, nifedipine-resistant responses persisted. These nifedipine-resistant responses were abolished by addition of xestospongin C (10 μM; Fig. 6 ). Thus, it appears that at lower frequencies, nerve-evoked increases in tone can be fully accounted for by depolarization leading to increased Ca 2+ influx though L-type VOCCs, but at higher frequencies there is an increasing contribution of InsP 3 . This pattern mirrors the ability of myoendothelial feedback to modulate responses to higher frequencies of nerve stimulation.
Endothelial modulation of nerve-evoked vasoconstriction in the rat perfused mesenteric bed
Following on from the experiments in isolated arteries, we sought to determine whether myoendothelial feedback makes a significant contribution to limiting vasoconstriction in the intact mesenteric bed. As in isolated arteries, responses of the mesenteric bed to infusion of noradrenaline (15 μM) were significantly enhanced by block of IK Ca channels with TRAM-34 (1 μM), indicating that IK Ca -mediated myoendothelial feedback can occur in this preparation, but responses to U46619 (1 μM) were unaffected (Table 3) . However, in contrast to isolated arteries, block of SK Ca channels by apamin caused significant enhancement of responses to both noradrenaline and U46619 that was partially additive with L-NAME, indicating that another mechanism contributes to endothelial modulation of tone in the presence of flow (Table 3) . Next we examined the role of the endothelium in modulating nerve-evoked vasoconstriction in the perfused bed by constructing frequency-response curves to transmural stimulation (1-40 Hz; Fig. 7A ). The α 1 -adrenoceptor antagonist prazosin (0.1 μM) significantly inhibited nerve-evoked increases in perfusion pressure, reducing the mean response to 40 Hz stimulation in endothelium-intact preparations to 7.9 ± 2.0% (n = 5; P < 0.05) of control values. Capsaicin was without effect and in its presence the mean response to 40 Hz stimulation was 104.1 ± 10.7% (n = 5) of control.
Modulation of nerve-evoked vasoconstriction by IK Ca channel-mediated myoendothelial feedback was Figure 5. Endothelium-dependent modulation of nerve-evoked increases in tone in isolated rat mesenteric arteries A, representative traces of frequency-dependent increases in tone in an endothelium-intact segment of rat mesenteric artery in the absence and presence of L-NAME and TRAM-34. B, sequential mean frequency-response relationships obtained in endothelium-intact arteries. Mean frequency-response relationships obtained in the presence of L-NAME (100 μM) and/or TRAM-34 (1 μM) in endothelium-intact (n = 7; C) and endothelium-denuded arteries (n = 6; D). All values are presented as means ± SEM. * P < 0.05 compared to control. A scatter plot is included as an inset in C showing the data points from control and L-NAME and TRAM-34 groups at 12-20 Hz.
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then investigated by perfusing endothelium-intact vascular beds with TRAM-34 (1 μM) and/or L-NAME (100 μM). Block of IK Ca channels with TRAM-34 significantly potentiated responses to only to the highest level of stimulation (40 Hz), indicating that IK Ca channel-mediated myoendothelial feedback does not play a dominant role in regulating vascular tone in the perfused mesenteric bed. In contrast, L-NAME significantly enhanced increases in perfusion pressure at all frequencies, and the combination of TRAM-34 and L-NAME did not further increase responses beyond those seen in the presence of L-NAME alone (Fig. 7B) . Constriction of arteries in the presence of constant flow will increase shear stress, which has been linked to activation of SK Ca channels located on the luminal surface of endothelial cells (Brahler et al. 2009 ) and release of NO (Macedo & Lautt, 1996; . Thus, we investigated the possibility that SK Ca channels, rather than IK Ca channels, are responsible for engaging the endothelium to modulate nerve-evoked constriction in the perfused mesenteric bed. Infusion of apamin (50 nM), an inhibitor of SK Ca channels, significantly increased nerve-evoked responses (Fig. 7C) , an effect dependent on the endothelium (Fig. 7D) . Inhibition of NO synthase by L-NAME also significantly enhanced responses to nerve stimulation in an endothelium-dependent manner (Fig. 7D) , an effect that was partially additive with that of apamin. Thus, in the intact perfused bed, under conditions of constant flow, it appears that activation of SK Ca channels and release of NO in response to increases in shear stress are the predominant mediators of endothelial modulation of vasoconstriction. . All values are presented as means ± SEM (n = 6). * P < 0.05 compared to control, † P < 0.05 compared to nifedipine alone.
Discussion
In this study we have demonstrated that the ability of InsP 3 -IK Ca -dependent myoendothelial feedback to modulate tone in rat mesenteric arteries is determined by the nature of the vasoconstrictor stimulus. Myoendothelial feedback limits responses of isolated arteries to bath application of noradrenaline and stimulation of perivascular sympathetic nerves, but not the thromboxane A 2 mimetic U46619, or increases in intravascular pressure. Furthermore, in contrast to isolated arteries, in the perfused mesenteric bed under conditions of constant flow, shear stress-evoked activation of SK Ca channels and NO release, rather than IK Ca channel-mediated myoendothelial feedback appears to be the primary mechanism of endothelial engagement to limit vasoconstriction to both agonists and nerve stimulation.
As previously described for the α 1 -adrenoceptor agonist phenylephrine (Lamboley et al. 2005; Kansui et al. 2008; Tran et al. 2012; Kerr et al. 2015) , application of noradrenaline to endothelium-intact mesenteric arteries evoked increases in tone and smooth muscle depolarization mediated by α 1 -adrenoceptors, and limited by InsP 3 -IK Ca channel-dependent myoendothelial feedback. Three subtypes of InsP 3 receptor are expressed within endothelial cells and show a heterogeneous distribution (Grayson et al. 2004; Toussaint et al. 2015) , which may suggest that distinct isoforms contribute to different aspects of endothelial signalling (Mountian et al. 1999; Moccia et al. 2012) . This is yet to be fully explored and the InsP 3 receptor inhibitor xestospongin C used in this study does not discriminate between subtypes. However, responses to phenylephrine were unchanged in arteries from mice lacking endothelial type 1 InsP 3 receptors (Yuan et al. 2016) , potentially indicating a role for types 2 and 3 in myoendothelial feedback.
In contrast to noradrenaline, the TXA 2 analogue U46619 did not engage the InsP 3 -IK Ca channel-dependent myoendothelial feedback pathway and may directly activate endothelial thromboxane receptors to stimulate NO release (Kent et al. 1993) . Multiple mechanisms have been proposed to underlie the contractions to U46619 including activation of PLC (Suzuki et al. 2012) , InsP 3 -mediated Ca 2+ release (Yamagishi et al. 1992) , PKC (Nobe & Paul, 2001 ), Ca 2+ influx through voltage-dependent and -independent channels (Tosun et al. 1998) , and rho kinase (ROCK)-mediated sensitization of contractile filaments to Ca 2+ (Wilson et al. 2005) , with their relative contributions showing significant variation between arteries and species. For example, in rat caudal artery contraction in response to U46619 is accounted for by activation of both the Ca 2+ -calmodulin-myosin light chain kinase pathway and the RhoA-ROCK pathway (Wilson et al. 2005) whereas in rat aorta the response is due to diacylglycerol (DAG)-mediated activation of voltage-dependent and -independent Ca 2+ channels (Suzuki et al. 2012 ). Responses to U46619 in rat mesenteric arteries have not been extensively studied but ROK, PKC, p38 MAPK, VOCCs and cyclic nucleotide-gated channels have all been implicated (Bolla et al. 2002; Shaw et al. 2004; Leung et al. 2010) . Our finding that responses to U46619, whilst sensitive to inhibition of PLC, are resistant to pharmacological block of InsP 3 receptors supports the proposal that the lack of engagement of myoendothelial feedback could be due to the absence of a role for InsP 3 in U46619-evoked responses in these vessels. Smooth muscle-specific deletion of InsP 3 receptor subtypes in mice led to a depression of contraction to U46619 in mesenteric arteries but, as far as we can ascertain, there is currently no evidence supporting a role of InsP 3 in responses to U46619 in rat mesenteric arteries. Responses to U46619 in mouse coronary arteries are less sensitive to block of VOCCs than the responses in equivalent arteries from rats ) and thus the difference between our data and that of Lin et al. may be due to a species difference.
Myogenic reactivity is a crucial autoregulatory mechanism to allow organ blood flow to remain constant over a range of blood pressures (Hill et al. 2009 ). Development of myogenic reactivity is not dependent on the endothelium (Falcone et al. 1991; Hill et al. 2006 ) but a modulatory role has been proposed in cerebral arteries (Palomares & Cipolla, 2014) . We show that although the IK Ca channel activator SKA-31 dilates myogenically active mesenteric arteries, myoendothelial feedback does not modulate myogenic reactivity, possibly due to the absence of a role for InsP 3 generation in the response to intravascular pressure in these vessels; the InsP 3 receptor antagonist xestospongin C did not alter myogenic tone but inhibited constriction to the adrenoceptor . Endothelium-dependent modulation of nerve-evoked increases in perfusion pressure in rat mesenteric vascular bed A, representative trace of frequency-dependent increases in perfusion pressure in an endothelium-intact mesenteric bed perfused at a constant flow rate in the absence and presence of L-NAME and apamin. Mean frequency-response relationships obtained in endothelium-intact mesenteric beds in the absence and presence of TRAM-34 (1 μM) or L-NAME (100 μM) (B), and apamin (50 nM) and/or L-NAME (100 μM) (C). D, mean frequency-response relationships obtained in endothelium-denuded mesenteric beds in the absence and presence of apamin and L-NAME. All values are presented as means ± SEM (n = 4-6). * P < 0.05 compared to control. † P < 0.05 compared to L-NAME alone. J Physiol 596.7 agonists phenylephrine and noradrenaline. Thus, the inability of myoendothelial feedback to modulate myogenic reactivity may reflect the lack of a role for InsP 3 in mediating the response to changes in intravascular pressure in these arteries. A large body of published work shows that myogenic responses are dependent on smooth muscle depolarization (Knot & Nelson, 1998; Knot et al. 1998; Van Bavel et al. 1998 ) but our understanding of the contribution of other contractile mechanisms is incomplete. PLC and its products, InsP 3 and DAG, may contribute to myogenic reactivity in rat cerebral arteries (Osol et al. 1993; Jarajapu & Knot, 2002; Mufti et al. 2010) . However, our findings are in agreement with recent data from mouse mesenteric arteries showing that although PLC is essential, it is DAG rather than InsP 3 which promotes pressure-induced increases in smooth muscle Ca 2+ and myogenic vasoconstriction (Mauban et al. 2015) . Sympathetic nerves are key regulators of resistance artery diameter (Westcott & Segal, 2013) , and therefore blood flow, through the release of ATP and noradrenaline to act on arterial P 2X receptors and α 1 -adrenoceptors, respectively (Sneddon & Burnstock, 1984; von Kügelgen & Starke, 1985) . Nerve-evoked responses in both isolated mesenteric arteries and the perfused mesenteric bed were abolished by prazosin, indicating that, under our experimental conditions, these responses are mediated by noradrenaline acting on α 1 -adrenoceptors with little contribution from ATP. This is in line with previous reports that the relative importance of ATP as a functional sympathetic neurotransmitter in the rat and porcine mesenteric beds is revealed only when the level of preexisting vascular tone or pressure is increased Rummery et al. 2007; Shatarat et al. 2014) .
Acting on α 1 -adrenoceptors, noradrenaline activates PLC, elevates DAG and InsP 3 , and causes membrane depolarization to increase Ca 2+ -influx through L-type VOCCs (Neild & Kotecha, 1987; Seager et al. 1994; Nilsson et al. 1998) , but the relative contribution of these mechanisms to contraction of isolated arteries depends on how the agonist is applied. For example, bath application of the α 1 -adrenoceptor agonist phenylephrine (0.1 μM) to isolated hamster skeletal muscle arteries evoked sustained constrictions largely dependent on Ca 2+ influx through VOCCs, whereas focal application of a high dose (1 mM) of the same agonist in the same preparation generated a local constriction entirely dependent on InsP 3 (Tran et al. 2009 ). The rationale for such observations is that bath application of an agonist stimulates most if not all smooth muscles in an arterial segment to generate sufficient charge for electromechanical coupling to occur, whereas focal stimulation of a limited number of smooth muscle cells generates insufficient current to initiate depolarization, partly due to dissipation of charge to neighbouring unstimulated cells via gap junctions (Tran et al. 2009 ). As discussed above, responses of isolated mesenteric arteries to bath-applied noradrenaline are modulated by myoendothelial feedback, but as release of noradrenaline from perivascular nerves may result in activation of discrete populations of cells, we sought to determine whether electrically evoked responses are able to engage the myoendothelial feedback pathway.
At lower frequencies (ࣘ8 Hz), nerve-evoked responses of isolated mesenteric arteries mounted in a wire myograph were completely dependent on voltagedependent mechanisms, as evidenced by their abolition by nifedipine, and hence were not modulated by myoendothelial back. Rat mesenteric arteries have dense perivascular innervation (Yokomizo et al. 2015) and this inhibitory effect of nifedipine indicates that, under our experimental conditions, stimulation of sympathetic nerves is sufficient to elicit electromechanical coupling (Mishima et al. 1984) . However, at higher frequencies of nerve stimulation, responses were mediated by both VOCCs and InsP 3, and modulated by the myoendothelial pathway. This finding is in line with a previous report that stimulation of sympathetic nerves at 15 Hz increased InsP 3 -mediated Ca 2+ signalling within endothelial cells and elicited myoendothelial feedback in mouse isolated mesenteric arteries (Nausch et al. 2012) . Also, voltage-independent contractions to sympathetic nerve stimulation at frequencies above 5 Hz were previously described rabbit isolated ileocolic, saphenous and ear arteries (Skärby & Högestätt, 1990; Bulloch et al. 1991) . The sensitivity of the lower frequency responses to nifedipine was suggested to reflect selectivity for the purinergic component of the electrically evoked response (Bulloch et al. 1991) . However, in our experiments, as in rabbit ear artery (Skärby & Högestätt, 1990) , there was no apparent role for ATP in nerve-evoked increases in tone and so the decreased reliance of VOCCs with increasing frequency of stimulation may be explained by reports that responses to high concentrations of noradrenaline are less dependent on VOCCs, as reported in rabbit aorta and pulmonary artery (Casteels et al. 1977; van Breemen et al. 1982) . Reliance of nerve-evoked responses on largely voltage-independent contractile mechanisms provides an effective mechanism for integration of nerve activity, the endothelium and arterial diameter in individual arterial segments within a vascular bed. Binding of noradrenaline to α 1 -adrenoceptors will cause localized vasoconstriction accompanied by activation of endothelial IK Ca channels to both mediate myoendothelial feedback to limit reductions in diameter, and to dissipate the electrical signal, so restricting the spread of the response to facilitate vascular control at the segmental level ( Fig. 8 ; Haug & Segal, 2005; Moore et al. 2010; Behringer & Segal, 2012) .
In the intact perfused mesenteric bed, block of IK Ca channels enhanced responses to infusion of noradrenaline, indicating that the myoendothelial feedback is functional in the intact preparation, but TRAM-34 was without effect on increases in pressure evoked by U46619 or nerve stimulation. However, block of SK Ca channels and/or NO synthase did cause significant enhancement of vasoconstriction elicited by all three stimuli (noradrenaline, U46619 and nerve stimulation), indicative of a more general mechanism which, unlike myoendothelial feedback, is not influenced by contractile stimuli. These experiments were conducted under conditions of constant luminal flow in which vasoconstriction leads to increases in shear stress (Kamika & Togawa, 1980; Macedo & Lautt, 1996 . In vivo, endothelial sensing of shear stress, the tangential frictional force exerted by blood flowing across the cell surface, plays a dominant role in regulating tissue perfusion (Thosar et al. 2012; Baeyens et al. 2016; Chistiakov et al. 2017) . For example, matching of skeletal muscle blood flow to contractile activity depends on release of NO from the endothelium of feed arteries in response to elevated shear stress caused by dilatation of downstream arterioles (Sinkler & Segal, 2017) .
In addition to the release of NO, several lines of evidence support a functional role for SK Ca channels, possibly in a complex with caveolin-1 (Cav-1) and TRPV4 channels, in mediating the endothelial response to shear stress. SK Ca channels are expressed on the luminal surface of endothelial cells of rat mesenteric arteries (Sandow et al. 2006) , and co-localized with TRPV4 channels in human microvascular and bovine coronary endothelial cells (Goedicke-Fritz et al. 2015; Lu et al. 2017) . Acute exposure of bovine coronary endothelial cells to shear stress resulted in activation of both SK Ca and TRPV4 currents, and increased production of NO. In isolated coronary arterioles, block of SK Ca channels with apamin significantly inhibited shear stress-induced dilatation. (Lu et al. 2017) , and both endothelial SK Ca current density and flow-mediated dilatation were impaired in arteries from mice lacking either Cav-1 or SK Ca channels (Brähler et al. 2009; Goedicke-Fritz et al. 2015) . Thus, in light of these findings, we propose that in the intact mesenteric bed it is shear stress-induced activation of SK Ca channels and NO release that plays the dominant role in modulating vasoconstriction in response to both agonists and nerve stimulation. In contrast to myoendothelial feedback, which, as discussed above, can provide a localized mechanism for integration of smooth muscle contractility and endothelial function within in individual arterial segments, increases in shear stress can simultaneously stimulate large areas of the endothelium, and so have a global impact on the magnitude and distribution of blood flow across many arteries (Fig. 8) . Thus, we propose that together, myoendothelial feedback and endothelial sensing of increases in shear stress provide functionally distinct but complimentary mechanisms to ensure appropriate distribution of blood flow within the intact vascular bed.
Limitations
Previous work by our lab and others has established that in rat mesenteric arteries, myoendothelial feedback elicited by α 1 -adrenoceptor agonists is mediated by localized InsP 3 -dependent Ca 2+ transients activating IK Ca channels to elicit endothelial and smooth muscle hyperpolarization (Kerr et al. 2015 Figure 8 . Schematic diagram illustrating proposed role of myoendothelial feedback in modulating nerve-evoked reductions in arterial diameter Noradrenaline released from perivascular sympathetic nerves binds to α 1 -adrenoceptors to cause vasoconstriction accompanied by InsP 3 -mediated activation of endothelial IK Ca channels to both mediate myoendothelial feedback to limit reductions in diameter. Opening of IK Ca channels also dissipates the electrical signal so restricting the spread of the response and so facilitating vascular control at the segmental level. However, the intact mesenteric bed, shear stress-induced activation of SK Ca channels will evoke hyperpolarization across large areas of endothelial cells that will spread through myoendothelial junctions to surrounding smooth muscle cells to inhibit contraction. NO does contribute to both myoendothelial feedback and responses to shear stress but for clarity has been omitted from the schematic diagram. [Colour figure can be viewed at wileyonlinelibrary.com] J Physiol 596.7
to the complexity of the preparation and thus we have utilized block of IK Ca channels to functionally assess the role of myoendothelial feedback in modulating arterial tone (Nausch et al. 2012; Tran et al. 2012; Kerr et al. 2015 ). An alternative approach would have been to use tissues from mice lacking IK Ca channels, but to date, the majority of functional (Lamboley et al. 2005; Kansui et al. 2008; Tran et al. 2012; Kerr et al. 2015) and immunohistochemical (Sandow et al. 2006 ) studies on InsP 3 -IK Ca channel-mediated myoendothelial feedback have utilized arteries from rats, with only one recent study describing this pathway in arteries from mice (Looft- Wilson et al. 2017) .
As in previous studies, the dependence of myoendothelial feedback on generation of InsP 3 was illustrated in our experiments with isolated arteries using xestospongin C and U73122. We did not conduct the same experiments in the perfused bed, as PLC, InsP3 and DAG have all been implicated in the effects of shear stress on endothelial cells (e.g. Nollert et al. 1990; Prasad et al. 1993) , so potentially confounding any conclusions as to the role of myoendothelial feedback.
In the mesenteric bed perfused at a constant flow rate, decreases in arterial diameter augment shear stress because of its inverse relationship to the third power of the internal vessel diameter (Kamikia & Togawa, 1980 ). An alternative method to enhance shear stress is to increase the flow rate or viscosity of the fluid through isolated vessels mounted on cannulae. This has the advantage of allowing quantification of changes in shear stress but interpretation of data obtained from this approach could be confounded by the previously described interaction between myogenic reactivity and shear stress (Kuo et al. 1990 ). It must be acknowledged that although evoking vasoconstriction under conditions of constant flow and increasing flow through vessels both augment shear stress, they may do so via different mechanisms and such methodological differences, together with species and vessel variation, could contribute to the wide range of signalling molecules and ion channels which have been implicated in the endothelial response. For example, deletion of Kir2.1 results in loss of flow-induced release of NO in isolated mouse mesenteric arteries whereas K Ca channels appear to mediate NO-independent responses to flow in the same vessels (Ahn et al. 2017) . In contrast, assessment of blood flow in mouse gluteus muscle using intra-vital microscopy demonstrated that flow-induced dilation of feed arteries is mediated by NO, with no apparent contribution of endothelial K Ca channels (Sinkler & Segal, 2017) .
Summary and perspective
To summarize, in the present study we have used functional approaches to demonstrate that the ability of myoendothelial feedback is not a universal mechanism to limit agonist-evoked responses in isolated arteries, rather its contribution is determined by the nature the underlying contractile mechanisms. Furthermore, although myoendothelial feedback can limit reductions in diameter within discrete arterial segments, it is shear stress-induced activation of SK Ca channels that is responsible for endothelial engagement to limit vasoconstriction to both agonists and nerve stimulation at the level of the intact mesenteric bed.
These findings add to previous work indicating that within a vascular bed, arterial vasoconstriction may be controlled at the segmental level, whereas increases in blood flow are coordinated over large distances (reviewed by Behringer & Segal, 2012) . In the setting of this model, we propose that engagement of InsP 3 -IK Ca channel by nerve-evoked responses in arterial segments will not only limit reductions in arterial diameter, but opening of IK Ca channels will dissipate the electrical signal and so spatially restrict the response (Behringer & Segal, 2012) . In contrast, activation of SK Ca channels and release of NO in response to increases in shear stress will provide a global endothelial response to vasoconstriction to ensure appropriate distribution of blood flow within the intact vascular bed. (Behringer & Segal, 2012) .
